Gold-palladium ͑Au-Pd͒ multilayer nanowires are found by molecular dynamics simulation to behave pseudoelastically contrary to previous reports that single-element Au nanowires do not possess pseudoelasticity. Further analysis indicates that the interfaces not only can induce large compressive stress to assist the spontaneous reorientation but also can induce the Au sublayers to undergo twinning with the Pd sublayers. Our analysis suggests that these two effects render pseudoelasticity possible in nanowires that have relatively large size and are composed of materials that have low twinning capability. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2902293͔
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On the nanometer scale, atoms and electrons are more subjected to surfaces and interfaces and, hence, nanomaterials usually possess distinct properties. By means of highresolution transmission electron microscopy, Kondo and Takayanagi 1 have observed that a ͕100͖ oriented gold film transforms into a close-packing ͕111͖ oriented film when the thickness is reduced to less than eight atomic layers. If a film is made into wires, more surfaces are formed and the system is expected to possess a much larger surface stress equivalent to an intrinsic compressive stress exerted along the axial direction of the wires. 2 The compressive stress may be on the order of gigapascals for wires with widths of several atomic layers. 2 Diao et al. 3 have demonstrated with molecular dynamics ͑MD͒ simulation that ͗001͘ oriented Au nanowires with a rectangular cross section smaller than 1.83ϫ 1.83 nm 2 can transform into ͗011͘ ones. Such spontaneous reorientation has also been observed in other fcc metal nanowires. [4] [5] [6] [7] [8] Some of them even behave pseudoelastically. 4, 7, 8 The reversible strain can exceed 40%, the sustainable tensile stress can reach several gigapascals, and the response time is on the order of nanoseconds. These unique properties render metal nanowires a good candidate in self-healing materials.
Unfortunately, the intrinsic compressive stress is inversely proportional to the cross-sectional size of the nanowires, thus, the aforementioned pseudoelasticity can only take place in nanowires smaller than a critical value that is typically several atomic layers in one dimension. Extension of the size range is, therefore, a key issue with regard to their potential applications in electromechanical systems. We have previously reported that the critical wire width for spontaneous reorientation can be expanded by the assistance of interfacial stress in multilayer structures. 9 Although single-element Au nanowires are known not to behave pseudoelastically, 4 a Au-Pd combination may have different characteristics. In this work, taking the Au-Pd combination as an example, the loading and unloading processes are simulated using the MD method. The embedded-atom method 10, 11 ͑EAM͒ is adopted to describe the interactions between atoms. EAM has been employed not only to investigate the structures and properties of bulk crystals but also to predict abnormal microstructures 3, 12, 13 as well as thermodynamic 14, 15 and mechanical [16] [17] [18] properties of nanomaterials.
We have previously established a model 9 for ͓001͔ Au-Pd multilayer nanowires with length and width of 50 and ten cubic lattice units, respectively. Their cross-sectional areas are about four times the critical value required for pseudoelasticity in single-element nanowires. 4 Static energy minimization is performed on the nanowires according to the conjugate gradient algorithm for 500 ps. Figures 1͑a͒ and 2͑a͒ depict the typical atomic configurations of the nanoa͒ Authors to whom correspondence should be addressed. wires with each sublayer thickness of five cubic lattice units. The calculated initial stresses are shown in Fig. 3 . Obviously, the intrinsic compressive stresses are much larger than those of single-element nanowires. Moreover, the smaller the thickness of each sublayer, the larger is the stress on account of the existence of more interfaces. Therefore, reorientation may occur in nanowires with larger dimensions. In this study, a dynamic process is simulated for nanowires with each sublayer thickness of five cubic lattice units to confirm the postulation. The atomic positions and velocities are updated at each time step ͑0.001 ps͒ using the Nose/Hoover temperature thermostat and Nose/Hoover pressure barostat. This creates a system trajectory consistent with the isothermal-isobaric ensemble. 19 As shown in Fig. 4 , the stress elastically decreases until a strain of about −5%. Afterwards, the multilayer nanowires gradually transform to the ͗011͘ orientation with ͕111͖ side surfaces via an "orderdisorder-order" process, and the stress oscillates around zero. This spontaneous reorientation mainly takes place via slipping and annihilation of ͑1 / 6͒͑111͒ / ͓112͔ partial dislocations at lower temperature and atomic diffusion and recrystallization at higher temperature. 9 The final atomic configurations are displayed in Figs. 1͑b͒ and 2͑b͒ . There are a few residual twins and stacking faults in the nanowires at 200 K, whereas reorientation is more thorough at 600 K but atom diffusion across sublayer boundaries is evident due to self annealing.
The uniaxial loading and unloading processes are then conducted to study the pseudoelastic behavior. A considerably large tensile strain of about 37.65% for nanowires at 200 K or 43.53% at 600 K should be applied in order to restore the original states. However, various residual defects such as stacking faults, twins, interstitial atoms, and vacancies significantly affect this tensile loading process. As a result, the ͗011͘ nanowires cannot completely return to the original states. The situation when the maximal tensile strain is reduced to 30%, 25%, 20%, 15%, and 10% is studied. These loading processes take 2000 ps, corresponding to the strain rates from 0.5ϫ 10 8 to 1.5ϫ 10 8 s −1 . At the beginning, the ͗011͘ nanowires elastically deform up to a strain of about 2.5% ͑Fig. 4͒. Afterwards, plastic deformation commences via inverse slipping of the crystal planes at low temperature or atomic diffusion at high temperature. Figures 1͑c͒ and 2͑c͒ show the typical atomic configurations at an ultimate strain of 30%. At 200 K, a large proportion of the nanowires revert back to the original ͗001͘ orientation with the exception of several residual stacking faults and twins indicated by red solid lines. In comparison, at 600 K, the crystal lattices of the nanowire become irregular or even amorphous and the stress increases up to a maximum value.
When the given maximum strain is reached, unloading begins. At 200 K, since the crystal lattices are preserved well, the process resembles the first-time reorientation from ͗001͘ into ͗011͘ and the stress evolution is also similar ͓Fig. 4͑a͔͒. Slight loading with the maximum tensile strain of 10% seems to be more helpful to the reorientation, as demonstrated by the larger ͕111͖ surface regions ͓Fig. 1͑d͔͒, and the nanowires shrink much more than the first time ͓Fig. 4͑a͔͒. In cases when the maximum values are 15% and 20%, the nanowires can return to the same state as that before loading ͓Figs. 1͑e͒ and 4͑a͔͒, and a stress-strain loop forms. The results confirm the possibility of pseudoelasticity in multilayer nanowires. When the maximum strain is increased further, more stacking defects are produced in the loading process and inevitably greatly impede the recovery during unloading. Consequently, reorientation quickly ceases ͓Fig. 4͑a͔͒ and the nanowires deviate from the state before loading ͓Fig. 1͑f͔͒. The straight parts at the ends of the unloading stress-strain curves are practically caused by the oscillatory evolution of the equilibrium microstructures due to the larger atomic momentum remnant. At 600 K, there are a large number of heterogeneously diffused atoms in the loaded nanowires and the crystal lattices become very irregular ͓Fig. 2͑c͔͒. These irreversible point defects may prevent the loaded nanowires from reverting back to ͗011͘ after unloading, and the effect is obvious at larger maximum strain ͓Figs. 2 and 4͑b͔͒.
So far, it can be inferred that the pseudoelastic behavior found in single-element nanowires may take place in multilayer nanowires with larger size at low temperature if the maximum loading strain does not exceed the limit. In fact, twinning forwards and backwards usually leads to pseudoelasticity. 4, 7, 8 The twinning capability is key to the phenomenon and Tadmor and Bernstein 20, 21 have proposed an empirical expression
where ␥ sf , ␥ us , and ␥ ut denote the stable stacking fault energy, unstable stacking fault energy, and unstable twinning energy, respectively. 20, 21 According to Eq. ͑1͒, the values for Au, Cu, and Pd are calculated to be 0.9647, 1.0013, and 1.0182 and consistent with the fact that Cu nanowires can behave pseudoelastically, 4, 5, 7, 8 whereas Au nanowires cannot do so. 4 We believe that the Pd nanowires having the largest twinning capability should also possess pseudoelasticity. In the Au-Pd system, each sublayer in the multilayer nanowires is so thin that the misfit strain energy is not sufficient to produce misfit dislocations and the synergistic relationship between neighboring layers may be retained at low temperature. This interface effect should induce deformation of the Au sublayers similar to the Pd sublayers because the modulus of Pd ͑187 GPa͒ is much larger than that of Au ͑116 GPa͒. 20 Therefore, twinning and consequent pseudoelasticity can occur in the multilayer Au-Pd nanowires. In summary, the interfaces in multilayer nanowires can induce larger intrinsic compressive stress and its magnitude may be adjusted up to two or three times the stress values of single-element nanowires by reducing the sublayer thickness. This is necessary for expanding the critical wire width for pseudoelasticity. However, the actual wire width is limited to about ten cubic lattice units due to the entanglement and interaction of the twin boundaries and stacking faults at multiple sites and in multiple directions. 7 Additionally, the synergistic interfaces should be maintained to promote twinning in materials with low twinning capability. Taking into account these factors as well as the convenience of fabrication, the sublayer thickness of around five cubic lattice units is preferred for pseudoelasticity of the Au-Pd nanowires.
